The hybrid reactive power compensations, using capacitor banks and distribution static compensator (DSTATCOM) in the coordinated manner, are introduced to enhance voltage level control performances in weak distribution networks with the increasing of distributed generation (DG), such as in the rural areas. While the conventional compensation using capacitor banks gives the poor dynamic voltage control, these hybrid compensations are the cost effective solution which can deal with both under-and over-voltage changes, either short-or long duration voltage variations. The dynamic voltage control performances are demonstrated under various operating scenarios using the test system implemented in DIgSILENTPowerFactory. The simulation results showed that this approach can improve voltage controllability in weak distribution networks with DG effectively.
INTRODUCTION
Many rural areas, especially in the hills, are connected to the main grid via the long distribution line, which causes the network strength in those areas is relatively weak. As the power quality is concerned, the load and distributed generation (DG) connected to weak networks are easy to face the under-and over-voltage problems. The self-excited induction generators, such as small wind and hydro power plants, are extensively used as DG in such remote locations. The modern induction generator is a brushless construction with squirrel-cage rotor which can run for years without maintenance, rugged and less maintenance cost and better transient characteristics [1] . However, this type of DG cannot support the reactive power for the voltage control by itself, unlike the conventional synchronous generator or converter connected DG.
The conventional solution to improve voltage quality is using the shunt capacitor banks, typically installing parallels with the DG at the point of common coupling (PCC). However, the capacitor banks can only inject the reactive power into the network allowing it can merely be used for voltage drop problems. Furthermore, the control response of capacitor banks is rather slow, letting it is difficult to deal with the relatively short duration variations such as instantaneous and momentary voltage sags. These limitations cause the capacitor banks hard to comply with the requirements in many established international standards such as IEEE 1159-2009, EN50160 and IEC 61000.
Modern power conditioning devices based on voltage source converter (VSC), such as a distribution static compensator (DSTATCOM), can offer fast controllability and adapt to changes in network conditions. The DSTATCOM has the potential to support either short-or long-duration variations and it can provide both inductive and capacitive reactive power into the network, making it is able to improve either under-or over-voltage problems. Moreover, the DSTATCOM is already used to mitigate the power quality problems in many applications such as voltage sag, flicker, voltage unbalance and harmonics, as the comprehensive review in [2] . Although, DSTATCOM gives a good performance in dynamic voltage control, it is very expensive.
As the cost of capacitor banks is much cheaper comparing to the DSTATCOM (about 20% of DSTATCOM [3] ), using the hybrid reactive power compensations from capacitor banks and DSTATCOM, proposed in [4] , [5] ,are a promising approach to improve the voltage quality with the cost effective. The amount of reactive power will be shared between shunt capacitors and DSTATCOM which can give benefits in the reducing of initial investment and life cycle cost. In addition, the sizes of shunt capacitors and DSTATCOM should be chosen carefully to ensure that they can success either power factor or voltage target with the satisfy performance. Despite the voltage control performance by the hybrid compensations is not good as the using of pure DSTATCOM, it can cover the most voltage qualtiy problems sufficiently with the lower cost.
REACTIVE COMPENSATION DEVICES
In this section, the general detail of capacitor banks and DSTATCOM is described.
Capacitor Banks
The conventional capacitor banks control is a fixed switching program which the shunt capacitor relays are switched-in or switched-off, in sequence, until voltage level or power factor reaches the desired value or remains within the statutory range. The examples of fixed switching programs for equal-or unequal-size capacitors are demonstrated in [6] . Alternatively, the modern capacitor banks control is picking out the correct capacitor size by referring to the actual demand of reactive power directly, which can provide the fast control response. Additionally, the switching controllers enable to calculate the exact value of reactive power and thento select a group of shunt capacitors suitably.
DSTATCOM
The DSTATCOM, is a power converter based reactive power compensator, which can compensate reactive power in a minimum of two cycles [7] . It comprises a voltage source converter (VSC), a DC capacitor and a coupling transformer, as illustrated in Figure 1 . The reactive power supplied by the DSTATCOM is controlled by the magnitude difference between the AC system voltage, VS, and the VSC voltage, Vt,while the active power flow is normally set as zero [8] . The control scheme of DSTATCOM is developed based on the dq synchronous rotating reference frame which decouples the control for the real and imaginary current components. This control method consists of two main classes of two dimensional frames, the αβ-frame and the dq-frame called the stationary frame and the rotating frame respectively.
Adapting from [9] , the αβ-frame is the transformation from abc frame into the Cartesian coordinate system where real and imaginary parts of current from the transformation are function of time. If i(t) is the currentcontrolled signal, that is, time-varying function, the transformation from three phase abc-frame into αβ-frame using Clark's transformer can be written as:
The Park's transformation from αβ-frame to dq-frame can be represented as:
In case of a constant-frequency system, = 0 + 0 , where 0 is the AC system operating frequency and 0 is an initial phase angle between the real axis of the αβ-and dq-frames (constant value). The can be obtained by using a phase-lock loop (PLL), in case of a gridconnected DSTATCOM system. On the other hand, the dq-frame can be converted back to the abc-frame using the inverse transformation of (1) and (2) as:
The controller diagram of the DSTATCOM based on the dq-synchronous reference frame is demonstrated in Figure 2 . The close-loop control consists of two cascaded control loops to control P and Q exchanged by the DSTATCOM with the AC network. In this scheme, the outer controller is slower than the inner controller. The two current components, id and iq, are controlled independently. The reference value for the d-axis current is provided by the P controller, whilst the reference value for the q-axis current is provided by the Q controller. In both control loops the error signals are compensated using PI controllers. The ud and uq from the inner-current controllers are the input signals to the pulse width modulation (PWM) generators, which are limited to ensure that PWM operates in its linear range. Those input voltages will be referred to the modulation index signals, md and mq, in the dq-frame, which are converted to the αβ-frame and then to the real and imaginary voltages are calculated using (4). Thus, the dq voltages of the DSTATCOOM can be transformed into three-phase voltages by transforming from αβ-frame to abc-frame.
whereVt,αand Vt,βare the real and imaginary part of the rms terminal voltage of DSTATCOM, respectively. Similarly, mα and mβ are real and imaginary part of the modulation index, respectively. ko is a constant factor that depends on the modulation method. ko is √3 (2√2) ⁄ in case of the Sinusoidal PWM [10] .
VOLTAGE CONTROL STRUCTURE
The coordinated voltage control manner between capacitor banks and DSTATCOM is implemented to enhance the voltage control performance at the PCC. Additionally, the control operations of capacitor banks voltage controller and DSTATCOM voltage controller are also explained.
Coordinated Voltage Controllers
The DSTATCOM is set as the primary controller which uses the VSC to adjust the reactive power output with the fast response. The DSTATCOM voltage controller starts to provide the reactive power compensations when either the level of voltage change (ΔV) is higher than the voltage dead band (VDB) or voltage level is out of the lower or upper limit, defined as VDSTATCOM,lowerand VDSTATCOM,upper, respectively.
The capacitor voltage controller aims to deal with the slow voltage variations in case of the reactive power supported by the DSTATCOM is insufficient. The reactive power injected from shunt capacitors is controlled by switching each shunt capacitor relay, one-by-one, until the voltage level at the PCC stays within the acceptable range defined as VCAP,lower and VCAP,upper for lower and upper voltage control limits, respectively. A time delay is added to this controller to ensure that the DSTATCOM already supports voltage control and to prevent the capacitor banks from supporting short-term voltage variations.
The coordination between capacitor banks and DSTATCOM is implemented by defining the gap between voltage control limits, as shown in (5) and (6) . The gap between the voltage limits of capacitor bank and DSTATCOM should be wide enough to allow the reactive power compensation from the DSTATCOM to reach its capacity or using as much as possible, before the capacitor banks start the voltage control process. 
Capacitor Banks Voltage Controller
The fixed switched program method is chosen to control the switching of shunt capacitor relays, because of it is simple and effective enough for slow voltage control. The shunt capacitor relays are switched in sequence until the voltage level at the PCC stays within the acceptable range. Although the picked up method can provide the faster reactive power support, the relativity of the changes of voltage and reactive power, ΔV/ΔQ, needs to be known for calculating the exact value of reactive power required from the capacitor banks.
The shunt capacitor relays start to switch-in when the voltage level at the PCC is below the lower voltage control limit. In contrast, the shunt capacitor relays start to switch-off, to disconnect the shunt capacitors from the network, when the voltage level at PCC is over the upper voltage control limit. The sequence of relays switching can be determined according to a linear or a circular switching sequence [11] .
DSTATCOM Voltage Controller
Under normal conditions, the DSTATCOM will maintain the reactive power at constant value such as at the unity power factor while the active power is zero. The DSTATCOM provides the active voltage control by adjusting its reactive power output. The voltage controller is added as an optional outer control loop to the Q controller (see Figure 2. ) which can be connected or disconnected from the main controller depending on the voltage level. The reference value of P controller is set to zero to make the DSTATCOM supports only the reactive power.
The DSTATCOM can enter the voltage control mode automatically when the level of voltage change is greater than the dead-band value or when it is out of the voltage control limit. The PI controller with limiter function is used as the compensator. The limiter function is used to limit the amount of reactive power support from DSTATCOM to avoid overloading the converter. The structure of the DSTATCOM voltage controller mode is illustrated in Figure 3 . 
TEST SYSTEM AND CASE STUDIES
The 22 kV, 50 Hz test system is shown in Figure 4 . The capacity of DG is 2 MW, assuming it is the induction generator type. The DG is integrated into the main grid via the relatively long distribution line, which the line impedance is 17.15 + j17.92 Ω. The initial condition is set as the DG supplied 1.5 MW at unity power factor, the load demand is 1.5 MW at 0.85 power factor lagging, and capacitor banks and DSTATCOM are not included. The result from load flow calculation shows that the voltage at PCC is about 0.98 p.u. while the voltage at the main grid is 1.01 p.u..
Figure 4 Test system
The value of voltage change at the PCC can be estimated by using V/Q curve, plotted on DIgSILENTPowerFactory software. Based on the initial condition, the V/Q curve is shown in Figure 5 . It is found that the voltage level at the PCC is changed approximately 0.038 p.u. when reactive power is adjusted 1 MVar. Hence, the Q = +1.6 MVar is required if assuming the voltage level at the PCC can be raised up to nearly+0.06p.u.. Due to the price of capacitor bank is a lot cheaper comparing to the DSTATCOM, the amount of reactive power support is given weight to the capacitor banks. In addition, the size of shunt capacitor should not be larger than 70% of the rated total compensation capacity, as recommended in [12] . Assuming the investment cost in capacitor banks is 20% of DSTATCOM, installing DSTATCOM and capacitor banks at the sizes of 0.6 MVar and 1.0 MVar, respectively, can save the cost about 50% when comparing to the use of only DSTATCOM at the size of 1.6 MVar. The number and size of shunt capacitors should be suitable to ensure that the shunt capacitors can meet both power factor and voltage control targets, with the reasonable cost. In this test, a set of 4×0.25 MVar shunt capacitors is employed. The DSTATCOM can support ±0.6 MVar. They are able to give the capability of reactive power compensation in range of -0.6 MVar (inductive) to +1.6 MVar (capacitive). This means that hybrid reactive power compensations are able to approximately adjust the voltage level at the PCC to decrease by 0.02 p.u or to increase by 0.06 p.u..
The voltage controller on the q-axis of DSTATCOM, in Figure 3 , will start when the ΔV at the PCC is higher than the VDB=0.015 p.u., or the voltage level is outside the allowed limits, between VDSTATCOM,lower= 0.96 p.u.and VDSTATCOM,upper=1.04 p.u.. Moreover, the PI controllers' gains in DSTATCOM voltage controller (see in the Appendix) obtained by fine tuning using Zeigler and Nicole method [13] . Alternatively, the metaheuristics optimization algorithms such as BSOA [14] can be used for finding the optimal tuning of DSTATCOM controllers.
The capacitor banks voltage controller scans the voltage level at the PCC every 2 s while the DSTATCOM voltage controller updates the PCC's voltage in every 0.5 s. The linear switching sequence is employed which the capacitor banks are switched in in ascending order and switched off in descending order of indices. Furthermore, a time delay of 2 s is added into the controller to prevent it from providing short-term voltage support and to ensure that the DSTATCOM voltage controller will operate first. Hence, a time consuming for switching each shunt capacitor is assumed to be 4 s.
To coordinate the voltage controller between DSTATCOM and capacitor banks, using (5) and (6), VCAP,loweris set as 0.955 p.u. and VCAP,upperis set as 1.045 p.u.. The statutory voltage limits are 1±0.05 p.u.
The dynamic performances of the coordinated voltage controller strategy between DSTATCOM and capacitor banks is investigated by transient simulations on DIgSILENTPowerFactorysoftware. The short-term voltage variation is examined in the event of a small voltage sag by applying a three-phase short-circuit through a high impedance in the main grid, betweent=1 s and t =2.5 s. Furthermore, the slow voltage variations are implemented by applying a gradual increasing and decreasing local load demand, start at t = 10 s, as shown in Figure 6 . Assuming all shunt capacitors are disconnected at the initial condition. 
SIMULATIONS AND RESULTS
The simulation results are the comparison between those 3 cases. The changes of rms voltage at the PCC and The reactive power, Q, of capacitor banks and DSTATCOM are shown in Figure 7 . The zoom-in windows of voltage at PCC and Q from DSTATCOM, during the voltage sag occurs, are shown in Figure 8 .
Short-term Voltage Control
The transient results in Figure 8 , show that the fast voltage control from DSTATCOM can deal with the voltage sag effectively. It is found that the change of reactive power generation, from 0 MVar to +0. 
Long-term Voltage Control
From Figure 7 , the voltage control at the PCC is not sufficient in cast of using only a 4×0.4 MVar capacitor banks. It can be seen that the capacitor banks cannot deal with short term voltage sag. Furthermore, shunt capacitors are unable to prevent the voltage level to above the statutory limit due to the lacking of absorbing reactive power capability. In case of hybrid reactive power compensations, during the heavy loading condition (voltage level is To deal with the voltage rise problem, the DSTATCOM starts supporting reactive power after the voltage level at the PCC is higher than VDSTATCOM,upper since t ≈ 131 s. At t ≈142 s, the reactive power compensation from DSTATCOM is insufficient, which the voltage level starts to above the VCAP,upper(>1.045 p.u.). Hence, the shunt capacitors are disconnected from the system, att≈ 146 s, t ≈ 154 s, t ≈ 162 s and t ≈ 178 s, respectively, to reduce the voltage level at the PCC. It is found that hybrid reactive power compensations by using capacitor banks and DSTATCOM with the coordinated manner can control the voltage level at the PCC within the statutory range, with the satisfy control response. 
